Introduction
============

Plants biosynthesize various secondary metabolites such as phenolics, alkaloids and terpenoids, which serve in defense against biotic and abiotic stresses. Sesquiterpen thio-alkaloids constitute a group of secondary metabolites that have not been studied in great detail and bear a great potential for medicinal uses. The nupharidines found in *Nuphar lutea* belong to this group of compounds [@B1].

In our previous work we have shown that a partially purified extract from leaves and rhizomes of *Nuphar lutea* was enriched by the sesquiterpen thio-alkaloids: 6-hydroxythiobinupharidine and 6-hydroxythionuphlutine B [@B2]. This extract, termed NUP, inhibited the activation of the Nuclear Factor - κB transcription factor (NF-κB).

NUP exhibited anti-inflammatory properties and partial protection from LPS-induced septic shock by modulating cytokine secretion by macrophages [@B3].

NF-κB is a family of transcription factors (composed of five sub-units, p50, p65, p52, Rel-B and c-Rel, that form dimmers) that is involved in many biological and pathological processes and can both induce and repress gene expression by binding to discrete DNA sequences, known as κB sites [@B4].

In most unstimulated, non-diseased mammalian cells, NF-κB dimmers are found predominantly in the cytoplasm bound to a member of the IκB (Inhibitor of NF-κB) family of proteins. After stimulation, IκB is subject to phosphorylation and afterward degradation by the proteosome. This leads to translocation of NF-κB to the nucleus where it stimulates the transcription of a wide variety of genes, including cytokines, cell adhesion molecules and acute phase response proteins, which are involved in proliferation and survival as well as the inflammatory response.

There are several pathways, such as Extracellular Signal-Regulated kinase (ERK) pathway, that are known for their ability to modulate proteins upstream of NF-κB [@B5], [@B6].

Given the role of NF-κB in cell proliferation, survival and regulation of many genes involved in the promotion of cancer such as metastatic, angiogenic and tumor promoting genes, it is not surprising that constitutive NF-κB signaling has been implicated in many inflammatory processes, oncogenesis and tumor progression [@B7], [@B8].

In the present study, we examined the effect of NUP in a B16 melanoma experimental murine lung metastasis model and its ability to affect the ERK and NF-κB pathways in variety of cell lines. We showed that NUP and cisplatin combined treatment was synergistic and reduced the lung metastatic load. In addition, NUP treatment inhibited TNFα-induced IκBα degradation and NF- κB nuclear translocation**.**We also observed that NUP induced ERK activation. Interestingly, ERK inhibition prevented NF-κB activation by NUP.

Materials and Methods
=====================

Preparation of plant extracts for screening assay
-------------------------------------------------

Samples (1g) of frozen plant material were ground in a pre-chilled mortar containing liquid nitrogen. Two ml of 50% methanol/ water (v/v) were added, and the slurry was mixed and kept on ice for 15 min. The mixture was then centrifuged at 11,000 rpm for 5 min., at room temperature on a microfuge. The supernatant was stored at -80^0^C for analysis. Since leaves were harvested and extracted at different times, the potency of the different batches varied. The activity of each batch was calibrated by the NF-κB reporter gene assay as described elsewhere [@B2].

Purification of NUP
-------------------

Dried *Nuphar lutea* powder from rhizomes or leaves was methanol 1:10 (w: v) extracted. The supernatant obtained after centrifugation of the extract at 4000 rpm at 4^0^C for 30 min. was rotary evaporated and re- dissolved in chloroform: 1N HCl at ratio of 1:1 (v:v). The mixture was separated in funnel into 2 phases. The lower chloroform phase discarded and the upper aqueous phase was saved and adjusted to pH 9 with 25% NH~4~OH. The precipitate formed was separated by centrifugation, as before. The precipitate contained the anti NF-κB activity. The precipitate was re-dissolved in methanol and further fractionated on a silica gel column using chloroform: ethyl-acetate: di-ethyl-amine 20:1:1 (v:v:v), as eluant. Column fractions were assayed in the NF-κB luciferase reporter gene assay and the active fraction pooled, re-dissolved in 50% ethanol and tested for activity as before. The identity of the active components was determined by high resolution NMR.

NUP concentrations throughout the experiments were not cytotoxic as established previously [@B2].

Cell culture
------------

Human alveolar adenocarcinoma A549 cell line and human breast cancer MCF-7 cell line were maintained in DMEM medium supplemented with10% heat-inactivated fetal bovine serum, 1% L- glutamine, and 1% pen-strep (Beit Haemek, Israel). Murine melanoma B16 cell line, L428 human Hodgkin\'s lymphoma cells (with constitutive NF-κB activity due to mutation in IκBα [@B9], [@B10]) and GA cell line (established from a metastatic explant of a melanoma patient [@B11] were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 1% L- glutamine, and 1% pen-strep (Beit Haemek, Israel).

Antibodies and reagents
-----------------------

Antibodies against ERK, pERK (Tyr 204), IκBα, p65 and p50 were obtained from Santa Cruz Biotechnology; Anti-mouse and anti-rabbit IgG peroxidases were obtained from Jackson ImmunoResearch and the anti-β actin monoclonal antibody from MP Biomedicals.

Human and murine TNFα was purchased from PeproTech, Israel. Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich, Israel. The ERK inhibitor, PD98059 was purchased from Calbiochem-EMD Chemicals, Gibbstown, USA. Cisplatin was purchased from Teva, Israel.

Western blot analysis
---------------------

Nuclear and cytoplasmatic protein lysates, 6 \* 10^6^ cells per sample, were prepared with the NucBuster kit (Novagen). Quantification of the protein was made using the Bradford method (BioRad). Protein extract (30 μg) were separated in 10% SDS-polyacrylamide gel and blotted onto nitrocellulose membranes. The membranes were incubated with several primary antibodies followed by anti-mouse or anti-rabbit peroxide-linked IgG. Protein bands were detected by chemiluminescence with ECL (Amersham).

Cell migration assay
--------------------

The migration ability of B16 or A549 cells was tested as follows: cells were seeded on 6-well plates (5×10^6^). After the formation of the monolayer (24 h) NUP or vehicle were added and the monolayers were scratched. The cells were photographed after 28 or 48hrs, in order to observe the effect of NUP on cell migration.

Mice
----

C57BL/6 mice were obtained from Harlan Laboratories Inc. (Israel). All mice were maintained at the Animal Resource Center of the Ben-Gurion University of the Negev and were used at 8 to 12 weeks of age. All animal experiments described in this work were approved by the Ben-Gurion University Committee for the Ethical Care and Use of Animals in Experiments.

Establishment of experimental lung metastasis of murine B16 melanoma cells
--------------------------------------------------------------------------

C57BL/6 mice were treated with an intravenous injection of B16 melanoma cells (3\*10^5^ cells/200 μl PBS). NUP (20mg/kg) and cisplatin (4 mg/kg) in PBS were given by intraperitoneal injection (IP) every other day from day 0 to day 14. Control animals received only vehicle. Lungs were excised on day 18.

Quantification and image analysis
---------------------------------

All image analysis was performed by ImageJ - an open source image processing program.

Results
=======

NUP treatment inhibited TNFα-induced IκBα degradation and NF-κB nuclear translocation
-------------------------------------------------------------------------------------

IκBα presence in the cytoplasm and NF- κB presence in the nucleus was examined by western blot analysis. TNFα treatment of A549 cells resulted in rapid IκBα degradation (Fig. [1](#F1){ref-type="fig"}A) and NF-κB nuclear translocation (as represented by p65 and p50 sub-units) (Fig. [1](#F1){ref-type="fig"}B). NUP pretreatment prevented IκBα degradation. Incubation with NUP, in the absence of TNFα, had no effect on IκBα levels. Consistently, pretreatment with NUP, prevented NF-κB nuclear translocation. Similarly, NUP inhibited p65 nuclear translocation in LPS activated B16 melanoma cells (Fig [1](#F1){ref-type="fig"}C).

NUP treatment activates the ERK signaling pathway
-------------------------------------------------

The ERK pathway is known for its ability to modulate proteins upstream of NF-κB [@B5], [@B6]; therefore we investigated whether the ERK pathway is involved in the inhibition of NF-κB by NUP.

Various cell lines were incubated with NUP, with or without activators of NF-κB. ERK phosphorylation was determined in cell lysates by Western blots. As shown in Figure [2](#F2){ref-type="fig"}, NUP treatment in all cells tested resulted in ERK phosphorylation (i.e. activation), regardless of whether the activation of NF-κB was inducible or constitutive.

The ERK inhibitor PD98059 prevents NUP dependent down-regulation of NF-κB
-------------------------------------------------------------------------

PD98059 is a highly selective ERK inhibitor. We used PD98059 to determine whether ERK activation is required for NUP-dependent NF-κB inhibition. As shown in Fig. [3](#F3){ref-type="fig"}, A549 cells were treated with different combinations of TNFα, NUP or PD98059. Cytoplasmic and nuclear extracts were tested by Western blot. As expected, TNFα treatment alone increased the amount of nuclear p50 (lanes 2-3) and NUP pretreatment prevented this effect (lanes 5-6).

Consistent with previous results, NUP treatment alone resulted in strong ERK activation (lane 4). Incubation with PD98059 prior to NUP and TNFα treatment noticeably reduced NUP-induced ERK phosphorylation. By contrast, ERK inhibition resulted in high amounts of nuclear p50 in spite of NUP pretreatment (lane 8).

NUP inhibits cells migration *in vitro*
---------------------------------------

The metastatic potential of tumor cells depends, among other properties, on their migration abilities. Since NUP inhibited the NF-κB pathway, a pathway known to promote the expression of migration proteins in various types of tumors [@B12]-[@B14], we investigate how NUP affects this feature. A549 and B16 cell monolayers were scratched in the presence or absence of NUP. In both cell lines NUP inhibited migration of cells, as compared to control (100% vs. 34% and 86% vs. 45% wound closure, Fig. [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B respectively).

Treatment of mice with NUP and cisplatin reduced B16 melanoma lung metastasis
-----------------------------------------------------------------------------

The effect of NUP on experimental lung metastasis of murine B16 melanoma cells, as a single agent or in combination with cisplatin is shown in figure [5](#F5){ref-type="fig"}. C57BL/6 mice were treated with an intravenous injection of B16 melanoma cells as described in materials and methods. Lungs were excised on day 18 and examined for metastatic black nodules. NUP treatment showed a slight but non-significant nodule reduction. As expected, cisplatin significantly reduced the number of lung metastasis (p\<0.01). Treatment with both agents reduced metastasis more efficiently than cisplatin as single agent (p\<0.05) as well as when compared to non-treated mice (p\< 0.01). These results supported the anticancer and chemotherapy \"sensitizer\" effect of NUP observed in the *in vitro* experiments previously published [@B2].

Discussion
==========

NF-κB is a central, downstream regulator of inflammation, cell proliferation and apoptosis, not fully tapped for therapeutic purposes. In spite of a vast literature describing NF-κB inhibitors from many natural or synthetic sources [@B1], [@B15] the search for effective and specific inhibitors for therapeutic use and minimal side effects is needed and ongoing. Many of the newly reported molecules act as either general inhibitors of NF-κB induction or as inhibitors of specific pathways of induction. Some of these compounds appear to target multiple steps in the NF-κB pathway. Since inhibition of NF-κB activation may occur at various levels in the regulatory cascade, upstream therapeutic targets may be potentially found to have a direct effect on the NF-κB activation pathways. Co-administration of NF-κB inhibitors with standard anti-cancer drugs or radiotherapy, may act as "sensitizers" or as inhibitors of multidrug resistance [@B16].

An important mechanism of NF-κB regulation is the signal-induced proteolytic degradation of the family of cytoplasmic inhibitors of NF-κB, the IκBs. However, with the discovery of IκB-independent non-canonical or "alternative" pathways of NF-κB activation, the importance of other regulatory mechanisms for the fine-tuning of NF-κB has being recognized [@B17].

Our results demonstrated that NUP is able to inhibit NF-κB activation both through IκBα dependent (Fig.[1](#F1){ref-type="fig"} A, B) and independent degradation mechanisms [@B2].

In addition to the IκBα regulation, NF-κB can be modulated by ERK1/2 through other mechanisms. Xiao *et al.* demonstrated that LPS stimulation of macrophages led to NF-κB activation. NF-κB activation was indirectly inhibited by activated ERK [@B18]. In addition, Dhingra and colleagues demonstrated that in rat cardiomyocytes, IL-10 treatment activated ERK 1/2 which in turn blocked NF-κB activation. Addition of PD98059, a selective inhibitor of ERK 1/2, enabled NF-κB activation [@B5].

Based on our previous results that NUP treatment increased secretion of IL-10, up regulated the phosphorylation of ERK and down regulated the expression of NF-κB subunits p65 and p50 in murine macrophages [@B3], we investigated whether similar processes also take place in several cancer cell lines.

Our results clearly showed that NUP treatment lead to phosphorylation of ERK in all cell lines tested (Fig. [2](#F2){ref-type="fig"}).

Furthermore, consistent with Dhingra *et al.* [@B5], selective inhibition of ERK 1/2 with PD98059, resulted in TNFα induced NF-κB activation, despite the presence of NUP (Fig.[3](#F3){ref-type="fig"}).

Potent antitumor activity has been reported for compounds belonging to the nupharidine family [@B19]. Dimeric sesquiterpene thioalkaloids with the 6-hydroxyl group, (6-hydroxythiobinupharidine, 6, 6\'-dihydroxythiobinupharidine, and hydroxythionuphlutine B) from the rhizomes of *Nuphar pumilum,*were shown to inhibit invasion of B16 melanoma cells across collagen-coated filters *in vitro*. The 6-hydroxythiobinupharidine significantly inhibited lung tumor formation by more than 90%, 10 days after injection of B16 melanoma cells in mice [@B20].

Since many of the invasion and metastasis genes are dependent on NF-κB activation, the inhibition of the NF-κB pathway can be an important step towards restriction of tumor dissemination [@B14], [@B21]. We have shown here that NUP treatment inhibited A549 and B16 cells migration (Fig. [4](#F4){ref-type="fig"}A, B).

Furthermore, our *in vivo* experiments demonstrated that mice treated with NUP only slightly reduced the metastatic load while cisplatin was significantly effective as compared to those treated only with vehicle. Most importantly, the lungs of mice treated with a combination of NUP and cisplatin showed a remarkable reduction in the number of metastatic nodules (Fig. [5](#F5){ref-type="fig"}) as compared to both untreated and cisplatin treated mice. These results support our *in vitro* findings [@B2], indicating that NUP indeed serves as a \"sensitizer\" for conventional chemotherapy.

There are a few possible mechanisms by which NUP may augment the cytotoxicity of cisplatin. Wang *et al.* [@B22] demonstrated that ERK activation plays an active role in mediating cisplatin-induced apoptosis of HeLa cells, by inducing PARP cleavage, cytochrome C release and caspase activation. These reports are in line with our previous findings that NUP induced PARP cleavage and caspase-9 activation [@B2].

It was also reported that inhibition of ERK, enhanced cisplatin-induced NF-κB activation by increasing the level of a nuclear protein phosphatase PP4. Thr ^435^phosphorylation of p65 represses the transcriptional potential of p65 [@B23]. In addition, PP4 have been shown to decrease the threonine phosphorylation status of p65 [@B24]. Therefore ERK activation may contribute to NF-κB inhibition by maintaining the Thr ^435^ phosphorylation status of p65.

An alternative explanation can be based on the concept of \"NF-κB addiction\" in cancer cells, as discussed by Chaturvedi *et al.* [@B25]. The addition of NF-κB inhibitors to malignant cells, dependent on NF-κB for survival, led to sensitization of the cells to cytotoxic chemotherapy and apoptosis. Additional research is needed to further define whether NUP can be used effectively in combination with other anti-cancer drugs, to reduce their therapeutic concentration and diminish/prevent side effects.

Taken together our results indicated that NUP\'s anti-tumor activity is related to its ability to down-regulate the NF-κB pathway, up-regulate the ERK pathway and act as a sensitizer to chemotherapy.
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:   *Nuphar lutea* leaf extract;
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:   Mitogen-activated protein kinase;
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![NUP treatment prevented TNFα-induced IκBα degradation and NF-κB nuclear translocation. (A) A549 cells were treated with TNFα (2.5 ng/ml) for 15 min or 1h with or without NUP pretreatment (12 μg/ml for 2h). Cytoplasmic lysates from treated cells were tested for the presence of IκBα by Western blot. (B) A549 cells were treated with TNFα (2.5 ng/ml) for 15 min. with or without NUP pretreatment (12 μg/ml for 2h). Nuclear lysates from treated cells were tested for the presence of NF- κB sub-units (p65 and p50) by Western blot. Anti-β-actin was used as loading control. (C) B16 cells were treated with LPS (1 µg/ml) for indicated times with or without NUP pretreatment\* (6 μg/ml for 2h). Nuclear lysates from treated cells were tested for the presence of p65 NF- κB subunit by Western blot. Anti-β-actin was used as loading control. All experiments were repeated at least three times. A representative blot and its densitometry analysis are shown here, normalized to β-actin.](jcav08p1433g001){#F1}

![NUP treatment (6 µg/ml for 2h) activated the ERK signaling pathway. (A) L428 Hodgkin\'s lymphoma cells (with constitutive NF-κB activation) (B) MCF-7 human breast cancer cells (C) A549 human adenocarcinoma cells (D) B16 murine melanoma cells (E) GA human melanoma cells. Cytoplasmic lysates were prepared and pERK was detected. Anti-ERK or anti-β actin was used as loading control. All experiments were repeated at least three times. Representative blots are shown here.](jcav08p1433g002){#F2}

![PD98059 ERK inhibitor blocks the effect of NUP on NF-κB translocation. A549 cells were treated with PD98059 (25 μM for 1h) before addition of NUP (6 μg/ml for 2h). Followed by the addition of TNFα (2.5 ng/ml) for the indicated times. The presence of p50 in nuclear extracts and of ERK and pERK in the cells cytoplasmic extracts was detected by Western blot. The experiment was repeated at least three times. A representative blot and its densitometry analysis are shown here.](jcav08p1433g003){#F3}

![Inhibition of cell migration and adhesion by NUP. (A) A549 cell monolayers were \"scratched\" and were grown in the absence (control) or presence of NUP (0.75 μg/ml) for 28 hrs. NUP prevented the cells from closing the wound. (B) B16 melanoma cell monolayers were \"scratched\" and were grown in the absence (control) or presence of NUP (3.2 μg/ml) for 48 hrs. NUP prevented the cells from closing the wound in a dose dependent manner. All experiments were repeated at least three times. Representative images are shown here.](jcav08p1433g004){#F4}

![The anti-metastatic activity of NUP, cisplatin or both *in vivo*. C57BL/6 mice were given an intravenous injection of B16 melanoma cells (3\*10^5^ cells/200 μl PBS). (B) NUP (20 mg/kg), (C) cisplatin (4 mg/kg) or both (D) were given every other day from day 0 to day 14. Control animals received only vehicle (A). Lungs were excised on day 18. NUP in combination with cisplatin treatment reduced metastasis. The average and standard error was determined by densitometry of each group and the significance was determined by t-test (p\<0.05 \*, p\<0.01 \*\*). These results are representative of two similar independent experiments.](jcav08p1433g005){#F5}
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